Mathematical modeling of aerosol emission from die sinking electrical discharge machining process  by Suthangathan Paramashivan, Sivapirakasam et al.
Applied Mathematical Modelling 36 (2012) 1493–1503Contents lists available at SciVerse ScienceDirect
Applied Mathematical Modelling
journal homepage: www.elsevier .com/locate /apmMathematical modeling of aerosol emission from die sinking electrical
discharge machining process
Sivapirakasam Suthangathan Paramashivan a,⇑, Jose Mathew a, Surianarayanan Mahadevan b
aDepartment of Mechanical Engineering, National Institute of Technology, Tiruchirappalli 620015, India
bCell for Industrial Safety and Risk Analysis, Central Leather Research Institute, Adyar, Chennai, India
a r t i c l e i n f o a b s t r a c tArticle history:
Received 24 March 2010
Received in revised form 22 August 2011
Accepted 1 September 2011
Available online 8 September 2011
Keywords:
Electrical discharge machining (EDM)
Emission
Aerosol
Modeling0307-904X/$ - see front matter  2011 Elsevier Inc
doi:10.1016/j.apm.2011.09.034
⇑ Corresponding author. Tel.: +91 431 2503408, +
E-mail addresses: sp_shivam@yahoo.co.in, spshivEmission of toxic gases and aerosol is an important hazard associated with the electrical
discharge machining (EDM) process, one of the most widely used non-conventional man-
ufacturing processes. These emissions can cause adverse health effects to the operators and
has a direct impact on the environment. The emission from this process is directly related
to the temperature at the process location. This paper was aimed at developing a model
that quantiﬁes the aerosol generated from the die sinking EDM process while machining
steel workpiece with copper electrode. The model developed in this paper made use of
energy balance and heat transfer equations. The modeling results were then validated
using experimentally obtained values of the emission rate of aerosol from this process.
The results showed a close correlation of +0.89 with experimental results. The model
developed in this paper can predict the level of emissions at different process locations;
thereby reducing the direct cost and time associated with experimentation.
 2011 Elsevier Inc. All rights reserved.1. Introduction
Emission of aerosols is now one of the most important occupational problems in the manufacturing industry [1,2]. The
National Institute of Occupational Safety and Health (NIOSH) has conducted a number of studies on the health effects of aer-
osol exposure among machine shop workers and pointed out the need for implementing appropriate control measures [3,4].
A recent study showed that machine shop workers exposed to aerosol levels below accepted safe exposure limit values [5],
still experienced severe occupational problems. Electrical discharge machining (EDM) is one of the most extensively used
nontraditional manufacturing processes which account for about 7% of all machine tool sales in the world. This process
can be applied to a very wide range of operations such as the manufacture of moulds and dies, surface texturing of steel rolls,
surface alloying, production of aero engine components, production of components for electronic industries and the manu-
facture of metallic prosthesis [6]. Research performed on the safety and environmental aspects revealed that emission from
the EDM process is hazardous to the operators as well as to the environment [7–9]. High energy concentrated at the dis-
charge channel of this process causes the emission of toxic aerosols and gases.
The emissions from the EDM process will be a complex mixture of metallic particles and many hydrocarbons of n-alkanes,
branched alkanes, aromatic compounds, alicyclic compounds, and heterocyclic compounds. The exact composition of the
mixture was not known due to the uncertainty in the reaction taking place in the spark location at very high temperature
of the order of 20,000 K. Different substances emitted from the EDM process have different health effects. Metallic particles
can cause allergic reaction, asthma and lung diseases. Hydrocarbon exposure causes health problems like headache, dizzi-. All rights reserved.
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hydrocarbons like benzene and polycyclic aromatic hydrocarbons (PAHs) are expected while using hydrocarbon-based
dielectric ﬂuids [8].
The emissions from the EDM process depend on many process variables such as the magnitude of the current, pulse dura-
tion, the properties and composition of the dielectric and the raw materials used, to name a few. An experimental approach
to ﬁnding the inﬂuence of process parameters on emissions is both time consuming and expensive. Mathematical modeling
is an efﬁcient method to solve the problem. There have been attempts to model the erosion rate [10–13], tool wear rate
[13,14] and surface characteristics [12,15,16] of the EDM process. However, no mathematical model that predicts the emis-
sion from this process has been reported. So the present work attempts to model the rate of aerosol generated from the EDM
process.
An attempt has been made in this paper to develop a mathematical model for predicting the rate of aerosol emission from
the EDM process. The modeling results are also compared with the experimental results. This information is useful for the
implementation of an appropriate control strategy so as to reduce the toxic emissions from the die sinking EDM process.2. Mathematical modeling
An experimental investigation by the authors using kerosene as the dielectric ﬂuid showed that 70% of the constituents of
the aerosol generated from the EDM process were metallic particles [17]. The sources of metallic particles are the workpiece
and tool electrodes used in the EDM process. This implies that the rate of aerosol generated mainly depends on the rate of
vaporization of the electrodes (work piece and tool). The remaining 30% consist of carbon particles and other reaction prod-
ucts attached to the aerosol. The current and pulse duration are the major process parameters inﬂuencing the erosion of the
tool and work piece. It is for this reason that they were taken as the input parameters in the present work. The methodology
which was adopted can be divided into two main stages. The reason for the division is that the methodology uses the com-
binations theoretical calculation for the determination of the vaporization proﬁle (stage 1) and empirical relationships for
the determination of emission from the dielectric surface (stage 2).
The ﬁrst section involved obtaining a mathematical relationship between the input parameters of the EDM process to the
temperature proﬁle of the electrodes. The existing mathematical models of EDM can be divided into two broader classes –
single spark and macroscopic models. The former considers the microscopic phenomenon in an electrospark while the latter
analyses the process based on input parameters. Among the mathematical models available, the single spark EDM models
proposed by DiBitonto et al. [12] is found to be simple and its output is well correlated with experimental results. So this
model was extended in this study to predict the effect of process parameters on aerosol emission. The second stage focused
on the calculation of the aerosol emission from the process based on the temperature output obtained in the ﬁrst stage.
A computer programwas developed in C programming language in order to solve the various differential equations and to
perform assorted iterations of the present model. The following assumptions were made to circumvent complications as well
as to maintain the model within the derived scope.2.1. Assumptions
 The electrode radius is greater than the discharge channel radius.
 The discharge channel is modeled to be cylindrical plasma of variable mass.
 The EDM discharge is made in a vaporized medium in which a constant current passes through it.
 The work-piece and tool materials are homogeneous and isotropic.
 The mode of heat transfer from the plasma to the electrodes and surrounding dielectric medium is conduction.
 The modeling is done for a single spark.
2.2. Energy distribution
The energy input to the electrical discharge machine is in the form of electrical power. This power is distributed to the
cathode, anode and to the dielectric through the plasma discharge channel. It has been experimentally proven that approx-
imately 18% of the electrical input is used for material removal; another 8% is taken by the anode and the remaining 74% is
transferred to the plasma [18]. The total power (Ptotal) available to the plasma, cathode and anode is given by the equationPtotal ¼ VI; ð1Þ
where, V represents the instantaneous voltage and I represents the current. The total power is utilized by the plasma, cath-
ode and anode as follows:
(i) Work done per unit time during the expansion of the plasma channel, vaporization and dissociation of the dielectric
media.
(ii) Power dissipating towards anode and cathode.
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Spark radius is an important parameter during the EDM process. Experimental results [12] have shown that the radius of
the plasma channel is an expanding quantity and its radius changes with time. Erden [19] and Pandey and Jilani [20] have
proposed empirical equations to calculate spark radius. The applications of their models are limited, as they are valid only for
a few cases of selected electrode pairs and dielectrics. Therefore, in this study, the model proposed by DiBitonto et al. [12]
which shows that the plasma radius, is proportional to t3=4, was used.rðtÞ ¼ 0:788 t3=4; ð2Þ
where, r(t) is the plasma radius in lm and t is the time in ls.
2.4. Material properties
The mechanical and thermal properties of the dielectric, workpiece and tool materials used in the model are discussed
below.
2.4.1. Dielectric medium
Kerosene was the dielectric of choice not only because of its wide usage in die sinking EDM but also because of its high
boiling point, high dielectric strength, low viscosity and high ﬂash point. The thermodynamic properties of kerosene are out-
lined in Table 1.
2.4.2. Work piece and tool
In this model the properties of pure iron, was used in place of workpiece and properties of copper was used for tool mate-
rial. The properties of pure iron are used in this work as a representative of different types of steels used in the industry. The
standard thermo-physical properties of different types of steels are not available. These properties of steels are close to that
of iron. So, using the properties of iron, we can get reasonably accurate results in mathematical modeling of steel workpieces.
Considering the variation of properties of these materials over the temperature range from ambient temperature to the boil-
ing temperature, a set of average values were used as constants in the model calculations. Those values are presented in
Table 2.
2.5. Modeling for aerosol generation
In order to calculate the amount of aerosol emitted, initially the mass of metallic particles (workpiece and tool) vaporized
at the process location was calculated.
2.5.1. Vaporization of workpiece and tool materials
The point source heat transfer model proposed by DiBitonto et al. [12] was used to model the temperature distribution in
the workpiece and tool materials. An axi-symmetric heat conduction equation in cylindrical coordinates without heat gen-
eration served as the basis for the calculation of the temperature distribution throughout the work piece [21]1
a
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@r2
þ 2
r
@T
@r
; ð3Þwhere the constant a (k/qCp) is the thermal diffusivity; k is the thermal conductivity of the work piece; q is density of the
work piece; Cp is the speciﬁc heat of the work piece; T is the temperature of the work piece; and t is the time. The associated
initial and boundary conditions for the above partial differential equations are Initial condition: t = 0, for T = To,Boundary condition : t > 0;
k @T
@r ¼ qo; for r ¼ 0;
k @T
@r ¼ o; for r – 0;
Boundary condition : t > 0; r ¼ 1; T ¼ T0;Table 1
Properties of kerosene.
Property Value
Density (kg/m3) 780–801
Boiling point (C) 180–220
Dielectric strength 1.8
Thermal conductivity(Wm1 K1) 0.15
Latent heat of vaporization (J/kg) 2.5  105
Liquid surface tension (N/m) 0.023–0.032
Table 2
Properties of electrode materials.
Property Workpiece Tool
Density (kg/m3) 7200 8300
Melting temperature (K) 1984 1356
Boiling temperature (K) 3250 2562
Thermal conductivity (Wm1 K1) 50 275
Thermal diffusivity (m2/s) 6  106 1.2  105
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vaporized radius R,T ¼ Tb ¼ To þ FVI2pkr
 
erfc
R
2
ﬃﬃﬃﬃﬃ
at
p
 
; ð5Þwhere, Tb is the boiling point of the material. Eq. (5) provides the vaporized radius R.
The volume of the vaporized cavity is given by;V ¼ ð2=3ÞpRðtÞ3: ð6Þ
The mass of vaporized workpiece and tool materials were calculated using the following expressionM ¼ q V ; ð7Þ
where, q is the density of material.2.5.2. Calculation of aerosol emission
As per the assumption, 70% of the aerosol consisted of vaporized workpiece and tool materials and 30% of carbon particles
and reaction products of the dielectric. The total mass of the aerosol (Mp) was calculated using the following expressionMp ¼ ðMVW þMVTÞ0:7 ; ð8Þwhere MVW is the mass of vaporized work piece materials and MVT is the mass of vaporized tool materials.
The majority of these aerosol will be condensed back into a liquid dielectric due to the high convective coefﬁcient of the
dielectric ﬂuid. Because of the uncertainty of the size and shape of the metallic vapors and complex interaction of dielectric
ﬂushing, it is very difﬁcult to theoretically predict the rate of condensation of metallic vapors. So an empirical correlation is
used in this model to calculate the amount of vapors actually emitted from the process. Comparing with the results of exper-
imental investigation on aerosol emission conducted by the authors [23] it was calculated that 98.1% of the vapors generated
near the spark location will be condensed back into the dielectric. The remaining 1.9% will be emitted into the atmosphere.
Thus the rate of aerosol emission (AE) was calculated as;AE ¼ 0:019MP: ð9Þ3. Results and discussion
The rate of aerosol emission from the EDM process had been calculated using the developed model for different values of
current, ranging from 2 to 7 A and pulse duration ranging from 2 to 520 ls. The effects of current and pulse duration on aer-
osol emission are explained below.3.1. Effect of current on aerosol emission
The variation of emission rate with respect to current at constant levels of pulse duration is shown in Fig. 1. It is evident
from the graph that the rate of emission increased with increase in peak current. This can be explained by the fact that an
increase in peak current increases the intensity of the discharge. The resultant high temperature led to the generation of
more fumes and reaction products in the working gap.
Fig. 1. Variation of emission with peak current for various values of pulse duration.
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The effect of pulse duration is plotted in Fig. 2. Pulse duration is the time for which the spark exists. It can be observed
from the graph that the lower the pulse duration, the higher is the rate of emission and vice-versa. This is obvious because
when the duration is small, the frequency of the spark increases. Moreover, the spark radius is a function of time, so as it
grows with time the outer proﬁle temperature of the spark will be low. This phenomenon can be the reason for higher emis-
sion in low pulse duration.3.3. Experimental validation of the model
To validate the models experiments were conducted using a conventional die sinking electrical discharge machine man-
ufactured by Victory Electromech, Pune, India (Model T3822). The machine typically was used for machining small and med-
ium sized components.Fig. 2. Variation of emission with pulse duration for various values of peak current.
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energy into thermal energy through a series of electrical discharges occurring between the electrodes (work piece and tool)
immersed in a dielectric ﬂuid. A series of voltage pulses are applied between the electrodes. The dielectric ﬂuid stored in a
sump tank is ﬂushed continuously through the inter-electrode gap using a pump. The dielectric ﬂuid is ﬁltered using a ﬁlter
attached in the return path of dielectric to the sump. The operating parameters of the machine are shown in Table 3. A side
ﬂushing systemwas employed to assure the adequate ﬂushing of the debris from the working gap. The workpiece used was a
high carbon high chromium tool steel which is a commonly used material for tool and die making. A blind hole of 25 mm
diameter was drilled on the work piece of 40 mm  40 mm  15 mm size. The electrode used in this study was copper
and subjected to negative polarity. The electrode was connected to the machine using a collet. Commercially available ker-
osene was used as the dielectric.
The schematic diagram of the experimental setup is shown in Fig. 4. In order to collect the complete aerosol emissions
from the EDM process, the working tank was completely encased using a specially designed transparent hood. Air from
the encasement was sucked using an air pump. The sucking was done in order to collect the entire aerosol emitted from
the dielectric surface. The volume ﬂow of the pump ranged from 1 lpm to 10 lpm. With the help of pipes, the bottom portion
of the hood was connected to fresh air in order to compensate the air sucked via the pump. A glass ﬁber ﬁlter paper of diam-
eter 50 mm was kept in the exhaust pipeline in order to collect airborne hazards in aerosol form. The velocity of the pump
was kept at 5 lpm, which preliminary studies found to be sufﬁcient enough to draw out the emissions without deposition on
the hood. The sampling was carried out for a duration of 30 min. The weight of the ﬁlter paper was taken before and after
sampling using a weighing balance with accuracy of ±0.01 mg. The rate of emission of aerosols (AE) into the work atmosphere
was calculated using the following equation.AE ¼ wb wats ; ð10Þwhere wa and wb are the weight of the ﬁlter paper before and after the sampling (in mg) and ts is the sampling duration (in
min).
The experimental and corresponding theoretical results are presented in Table 4. Peak current and pulse duration were
the process parameters varied in the experimentation. Other parameters were kept constant over the course of the exper-
iments. Statistical correlation has been performed between the theoretical calculated total emission at the process locationFig. 3. Schematic diagram of EDM process.
Table 3
Operating parameters of die sinking EDM machine.
Parameter Value
Maximum current (A) 12
Open gap voltage (V) 135
Pulse duration (ls) 2–520
Maximum ﬂushing pressure (kg/cm2) 1.5
Fig. 4. Schematic diagram of experimental setup.
Table 4
Experimental and theoretical emission.
SI no Current (A) Pulse duration (ls) Emission (mg/min)
Experimental Theoretical
1 2 2 0.760 1.364
2 3 2 0.867 1.942
3 4 2 1.610 2.453
4 5 2 1.840 2.917
5 6 2 2.780 3.342
6 7 2 3.260 3.736
7 2 100 0.693 0.869
8 3 100 0.938 1.643
9 4 100 2.209 2.449
10 5 100 2.725 3.252
11 6 100 3.205 4.036
12 7 100 4.640 4.798
13 2 261 0.630 0.587
14 3 261 1.604 1.238
15 4 261 2.728 1.986
16 5 261 3.695 2.777
17 6 261 3.840 3.583
18 7 261 4.240 4.391
19 2 400 0.624 0.472
20 3 400 1.527 1.047
21 4 400 2.535 1.739
22 5 400 3.503 2.496
23 6 400 3.718 3.285
24 7 400 4.167 4.090
25 2 520 0.610 0.407
26 3 520 1.600 0.932
27 4 520 1.794 1.582
28 5 520 3.406 2.309
29 6 520 3.570 3.079
30 7 520 3.790 3.873
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ious values of peak current and pulse duration.
The measure of correlation is called the correlation coefﬁcient or correlation index. Thus, the correlation analysis refers to
the techniques used in measuring the closeness of relationship, or proximity, between the variables. Although there are sev-
eral methods of analyzing the correlations of physical and chemical variables, Karl Pearson’s coefﬁcient of correlation is sim-
ple and seems highly reliable to measure the degree of relationship between two variables. The correlation coefﬁcient was
calculated using the following equationsSxx ¼
X
x2 
X
x
 2
n; ð11Þ
Syy ¼
X
y2 
X
y
 2
n ð12Þ
Fig. 5. Effect of current on theoretical and experimental emissions for various pulse durations.
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X
xy
X
x
X
y
 .
n: ð13ÞHere, x and y denotes two samples where x was the total emission predicted by the model and y was the aerosol emission
measured by experimentation. n denotes the sample lot, in this case n is 30.R ¼ Sxyﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sxy  Syy
p ; ð14Þ
where, R denotes the correlation coefﬁcient.
Fig. 6. Effect of pulse duration on theoretical and experimental emissions for various currents.
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relation analysis in order to understand the interrelation between them. Eq. (14) was employed to determine the correlation
coefﬁcient R. The correlation coefﬁcient between the predicted and measured aerosol emission was +0.89. This result
showed that there is a strong positive correlation between the predicted and measured emission rates.
A comparison between the theoretical and experimental values of emission presented in Figs. 5 and 6 showed that the
modeling results well matched the experimental values when the pulse duration was more than 261 ls. However, in regard
to the lower values of pulse duration, the theoretical values overestimated the experimental values. This could be due to the
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ures it is evident that at low values of current, the emission decreases with increase in pulse duration. However, in the case of
higher values of current, the emission increases almost from 2 to 150 ls, after which it decreases. This is understandable as
there will not be much signiﬁcant difference in the surface temperature of EDM plasma for low pulse duration. As time per-
mits, the plasma arc grows in its size. When the size of the plasma radius is beyond 60 lm, the rate of temperature decre-
ment is high due to the fact that as the heat ﬂux is given for a longer period on the workpiece surface, the temperature near
the center will be high; after which uniform heat dissipation occurs provided that the convection coefﬁcient for the dielectric
ﬂuid is the same.
4. Conclusions
A mathematical model to predict the environmental emissions of EDM process while machining steel work piece with
copper electrode was developed. The following conclusions were made from this work:
 The model results were correlated with experimental results. The correlation coefﬁcient for emission was found to be
+0.89. This proved the validity and truthfulness of the output provided by the model.
 Due to the high convective coefﬁcient of the dielectric ﬂuid (kerosene) and ﬂushing, a major portion of the emission is
condensed back into the dielectric ﬂuid.
 From this work it can be summarized that peak current and pulse duration are the two signiﬁcant factors contributing to
the variation in emission. It has been proven experimentally that emission increases with increase in peak current.
 At low values of peak current, pulse duration has an inverse effect on emission for the same levels of current. However, at
high value of peak current the emission increases up to 150 ls and then decreases. This is due to the high rate of tem-
perature decrement at a plasma radius above 60 lm.
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